In this study, the use of Ca 2⍣ /Mg 2⍣ -free medium for biopsy of human embryos at the 4-to 10-cell stage on the third day of development was evaluated. When compared with control medium containing normal concentrations of Ca 2⍣ and Mg 2⍣ ions, the use of Ca 2⍣ /Mg 2⍣ -free medium allows an easier removal of blastomeres as illustrated by a lower rate of cell lysis as well as by a shorter time needed to perform the procedure. Subsequent embryo development to the blastocyst stage is not affected by the choice of biopsy medium, not even when embryos are exposed to the medium for 45 min. The use of Ca 2⍣ /Mg 2⍣ -free medium thus allows for an easier biopsy procedure during preimplantation genetic diagnosis, while it does not result in a loss of developmental potential of the embryo to the blastocyst stage.
Introduction
Preimplantation genetic diagnosis (PGD) is an alternative to prenatal diagnosis for some couples at high risk of transmitting inherited diseases to their offspring. PGD by removal and subsequent analysis of one or two cells from embryos between the 4-cell and 10-cell stage during the third day of their development is the method used by most centres. It is our experience that for some embryos the biopsy procedure is difficult to perform because of a strong tendency of blastomeres to adhere to each other. In those cases, the biopsy procedure will require more time and may even lead to lysis of the cell.
Embryo biopsy has been reported to be easier to perform in the absence of Ca 2ϩ and Mg 2ϩ ions (Grifo et al., 1990; Santaló et al., 1996) . However, it has been demonstrated in the mouse that a prolonged exposure to Ca 2ϩ /Mg 2ϩ -free conditions results in impaired embryonic development (Ducibella and Anderson, 1976; Reeve, 1981) . The limited time of exposure to Ca 2ϩ /Mg 2ϩ -free medium, needed to perform a biopsy procedure, was shown to have no detrimental effect on the viability of biopsied mouse embryos compared to the use of control medium containing Ca 2ϩ and Mg 2ϩ ions (Santaló et al., 1996) . In the human, although both biopsy media are being used by several groups (Handyside et al., 1990; Veiga et al., 1994) , no direct comparison of the two biopsy techniques has been performed to our knowledge. The aim of the present study was to assess the use of Ca 2ϩ /Mg 2ϩ -free biopsy medium for PGD in human embryos. Aspects studied included the efficacy of the biopsy technique and the possible toxic effect on the embryo.
Materials and methods
Human embryos that were left over after in-vitro fertilization (IVF) treatment and were considered unsuitable for freezing were used for this study.
The stimulation protocol used has been described previously (Land et al., 1996) . IVF and embryo culture techniques were as described earlier (Dumoulin et al., 1995) . The culture medium used was 'inhouse' prepared human tubal fluid medium (Quinn et al., 1984) supplemented with 8% (v/v) of a pasteurized human plasma protein solution (PPS) obtained from the Central Laboratory of the Blood Transfusion Service (Amsterdam, The Netherlands) as described by Huisman et al. (1992) . Heated stages were used for all manipulations and observations of oocytes and embryos. Embryo transfer was performed at the second or third day after oocyte retrieval. If available, two or three embryos, depending on the developmental stage and morphological appearance of the embryos, as well as on the age of the patient, were transferred to the uterus of the patient. After embryo transfer, any supernumerary embryos were cultured until the third day after oocyte retrieval. Cryopreservation of supernumerary embryos was performed on the morning of the third day after insemination if one or more embryos had reached the 8-cell stage, and if they were of good morphological quality (grades 3 and 4, Bolton et al., 1989) . If cryopreservation was deemed not feasible, and the couple had given consent, surplus embryos were used for these experiments. This protocol has been approved by the local ethical committee.
Experiments
Two experimental series were performed. In the first series, a biopsy procedure was performed on pairs of sibling embryos, matched for developmental stage and morphological aspects (i.e. both embryos had the same number of cells and morphological grade), at 64-68 h after insemination. The biopsy procedure was performed by the same operator on both embryos from each pair of siblings. Only embryos that were at the 4-cell stage or more were used. One embryo from each pair was assigned at random to biopsy in HEPES-buffered medium containing Ca 2ϩ and Mg 2ϩ concentrations of 2 mM and a Grading system according to Bolton et al. (1989) . b Student's t-test: P Ͻ 0.05. 0.2 mM, respectively, as specified in the original formula of Quinn et al. (1984) . This medium is referred to as the Ca 2ϩ /Mg 2ϩ -control. The other embryo was biopsied in HEPES-buffered medium of the same constitution except that all Ca 2ϩ and Mg 2ϩ ions were omitted from the original formula, and 0.5 mM ethylenediaminetetraacetic acid (EDTA) was added. Both biopsy media were supplemented with 8% PPS. As the PPS solution does contain Ca 2ϩ and Mg 2ϩ ions (0.2 mM and 0.04 mM, respectively), the second type of biopsy medium is not completely Ca 2ϩ /Mg 2ϩ -free (Ca 2ϩ and Mg 2ϩ concentrations in the final biopsy medium: 16 µM and 3 µM, respectively). Embryos were incubated for 5 min in the respective medium before performing the biopsy. A small hole in the zona pellucida was created by careful application of a small stream of acid Tyrode's solution (pH ϭ 2.4) with the use of a micropipette (internal diameter of the opening: 5-6 µm) (Handyside et al., 1990) . A biopsy was performed by aspiration with a micropipette with an outer diameter of~50 µm, and an inner diameter of the fire polished opening of~35 µm. We routinely removed one cell when the embryo had four to seven cells, while two cells were removed from embryos with eight cells or more. Occasionally, a second cell was removed from a 5-to 7-cell embryo when the preparation of the first biopsied blastomere revealed no nucleus. Each biopsy procedure was observed by a second person on a monitor connected to a video camera mounted on the microscope. For each blastomere removed, the time needed for removal was noted (time interval between first contact of the biopsy pipette with the hole in the zona and complete removal of the cell out of the zona), as well as whether the cell remained intact. Any sign of cell damage, like a sudden darkening and granular appearance of the cytoplasm as well as the complete rupture of the cell, was recorded as lysis.
In the second series of experiments, embryos were not biopsied, but exposed for a prolonged period of 45 min to either Ca 2ϩ /Mg 2ϩ -control, or to Ca 2ϩ /Mg 2ϩ -free HEPES-buffered medium. For these experiments, sibling embryos of the 4-cell stage or more from each patient were allocated at random (by flipping a coin) to either group.
In both experimental series, embryos were washed after experimental treatment and cultured in their original culture medium for another 3 days. Developmental stages were recorded at each day of in-vitro development. At the sixth day after oocyte retrieval, the 2881 number of surplus embryos that cavitated to form blastocyst-like structures (defined as a rim of cells surrounding a large cavity of extracellular fluid accumulated within the embryo) was recorded. All embryos were fixed and stained with 4Ј,6-diamidino-2-phenylindole (DAPI) as described earlier (Coonen et al., 1994) . The number of nuclei stained with DAPI was taken as the number of cells of the embryo.
Statistical analysis was performed using either Student's t-test or the χ 2 test, where appropriate.
Results
In the first series, a biopsy procedure was performed on 36 pairs of sibling embryos, matched for developmental stage and morphological aspect, from 22 patients at day 3 of in-vitro development. As can be seen in Table I , significantly fewer cells were damaged, and less time was needed to aspirate a blastomere when Ca 2ϩ /Mg 2ϩ -free medium was used (P Ͻ 0.05). No apparent adverse effect of performing the biopsy procedure in Ca 2ϩ /Mg 2ϩ -free medium on embryonic development to the blastocyst stage was noted (Table II) .
In a second experimental series, embryos were not biopsied but only exposed for a prolonged period of 45 min to the different biopsy media in order to assess any possible toxic effect of the biopsy medium. This time period is much longer than the time normally needed to perform a biopsy procedure. Again, no apparent adverse effect of the exposure of embryos to Ca 2ϩ /Mg 2ϩ -free medium on embryonic development to the blastocyst stage was noted (Table III) .
Discussion
The use of Ca 2ϩ /Mg 2ϩ -free medium for biopsy of human embryos at the 4-to 10-cell stage on the third day of development allows an easier removal of blastomeres as illustrated by a lower rate of cell lysis as well as by a shorter time needed to perform the procedure. Subsequent embryo development to the blastocyst stage is not affected by the choice of biopsy medium, even when embryos are exposed to the medium for 45 min. Whether or not postimplantation development is affected by the use of Ca 2ϩ /Mg 2ϩ -free medium for biopsy could not be assessed in this study. Indeed, the parameters used in this study to assess embryo viability and development were limited. Further evaluation of, for example, embryo uptake of energy substrates, mitotic cell index, dead cell index, distribution of cells to inner cell mass and trophectoderm should be made in future studies. In this way the safety of a Grading system according to Bolton et al. (1989) . No significant differences found.
biopsy with Ca 2ϩ /Mg 2ϩ -free medium would be substantiated. However, there are no indications in this study that its use would have an adverse effect on embryo viability and normal fetal development. Both Ca 2ϩ /Mg 2ϩ -free (Grifo et al., 1990; Veiga et al., 1994; Pierce et al., 1997) , as well as Ca 2ϩ /Mg 2ϩ -containing (Handyside et al., 1990; Griffin et al., 1994) media are used for the biopsy procedure in centres performing PGD, and pregnancies have been reported with either medium. In our centre we have been using the Ca 2ϩ /Mg 2ϩ -free biopsy medium for PGD for 1 year and have obtained five pregnancies (two births, three still ongoing) out of 16 PGD cycles in which embryos were available for transfer (pregnancy rate: 31% per transfer). The percentage of blastomeres that lyse during the biopsy procedure in Ca 2ϩ /Mg 2ϩ -containing medium in our study is somewhat higher than that reported by other authors (Griffin et al., 1994) . A possible reason for this relatively high lysis percentage is the fact that all surplus embryos used for this study were of poor morphological quality. In our PGD programme, all available embryos are biopsied, and the lysis percentage is consequently lower. In the first series of 16 treatment cycles (resulting in 10 transfers and no pregnancies) using Ca 2ϩ /Mg 2ϩ -containing biopsy medium, 15 out of 128 blastomeres biopsied from 85 embryos lysed during the procedure (12%), resulting in seven embryos (8%) that could not be diagnosed because all the biopsied cells lysed and could not be used for further genetic analysis. In our second series of 20 PGD treatment cycles (resulting in 16 transfers and five pregnancies) using Ca 2ϩ /Mg 2ϩ -free biopsy medium, only two out of 201 blastomeres lysed (1%), resulting in only 1 out of 145 embryos (1%) that could not be diagnosed due to complete biopsy failure.
It has been reported earlier that embryo biopsy is more easy to perform in the absence of Ca 2ϩ and Mg 2ϩ ions (Grifo et al., 1990; Santaló et al., 1996) . Historically, Ca 2ϩ -free conditions have been used to loosen the membrane adhesion between blastomeres and to decompact early morula-stage mouse embryos (Stern, 1972; Pratt, 1987; Reima, 1990) . Extensive studies in the mouse have shown that the Ca 2ϩ -dependent cell adhesion molecule E-cadherin (also known as uvomorulin) is involved in the development of intercellular contacts between blastomeres leading to the initiation and maintenance of compaction (Johnson et al., 1986; Vestweber et al., 1987; Reima, 1990; Larue et al., 1994) . The process of compaction is important for the subsequent formation of the blastocyst and further embryonic development. In the human, information about embryo compaction is sparse. The majority of normally developing human embryos have been found to undergo compaction on day 4 of development (Nikas et al., 1996) . The first immature tight junctions appear at the 6-cell stage in the human (Gualtieri et al., 1992) . However, the precise intercellular contact mechanisms that are involved in the process of compaction in the human are as yet unknown.
It can be concluded that the use of Ca 2ϩ /Mg 2ϩ -free medium allows for an easier biopsy procedure during PGD with less chance of damage being inflicted upon the embryo. At the same time it does not result in any loss of developmental potential of the embryo to the blastocyst stage.
